machining parameters showed 5 percent scatter in dimensioBabscripts

instability, but all were within the required tolerance band. max = indicates maximum value

3.2 Validation on Compressor Disc. Effect of optimal ma- min = indicates minimum value
chining parameters on dimensional instability in compressor discs
is shown in Fig. 1. The locating diameter 40©0.02/0.00 mm eferences
was machined using the optimal machining parameters derived %r] Varschall. C. W.. and Mari 8 E 1077 “Di onal InstabiliveA

_ . . . : arschall, C. W., an aringer, R. E., , “Dimensional Instability-An
11-20 micron tolerance group. The diameter maintained at 40@1 introduction,” International Series of Material Science and Technoldggr-
(+0.010/0.00 mm during machining has changed to 400  gamon Press, Vol. 22.

. . mm arter ours. IS Change In dimension IS [2] Derringer, G., and Suich, R., 1980, “Simultaneous Optimization of Several

(+0.015/0.00 fter 360 h This chang d [2]

within the acceptable tolerance band. Response Variables,” J. Quality Techndl2, No. 4, pp. 214-219.

[3] Harrington, Jr., E. C., 1965, “The Desirability Function,” Ind. Quality Con-
trol, pp. 494—-498.

[4] Wu, S. M., 1964, “Tool Life Testing by Response Surface Methodology, Part
1 and 2,” ASME J. Eng. Ind., pp. 105-115.

[5] Devarajan, N. et al., 1984, “Experimental Method of Predicting Residual

. . . . Stress due to Turning in Stainless Steel,” J. Exp. Te8hpp. 22—-26.
1 Empirical equations for predicting surface residual Stresses[@] Subhas, B. K., 1983, “Some Experimental Studies in Machining of Superal-
dimensional instability, surface finish and tool life were derived ~~ |oys as Applied to Gas Turbine,” M. S. Research thesis, J.N.T.U., Hyderabed.
by response surface methodology. [7] “Measurement of Residual Stress by Hole Drilling Strain Gauge Method,”
2 Experimental results have shown that residual stresses and 1993. Technical Note No. T.N.503-4, Measurement Group Inc.
dimensional instability are highly correlated. Therefore, dimen-
sional instability, tool life, surface finish and material removal rate
were considered for optimization. . . o
3 A simultaneous optimization method based on desirabilitEdge Radius Var|ab|||ty and Force
function approach was used. The optimal cutting parameters ar . .
derived to control dimensional instability within 11-20, 21—3Measurement ConS|derat|0nS
and 31-50 micron tolerance bands in turning precision aero gas
turbine engine components made of Inconel 718. . {
4 Dimensional instability was within the acceptable tolerancgoy J. Schimme
band for the test specimen and actual jet engine components faiduate Research Assistant
are machined with optimal machining parameters obtained by si-

multaneous optimization. Jairam Manjunathaiah ?
Graduate Research Assistant

4 Conclusion

Nomenclature William J. Endres
a = rake angle, deg. Assistant Professor, Mem. ASME
b;, bj; = regression coefficients
{B} = vector of regression coefficients Department of Mechanical Engineering and Applied
C; = rake angle correction factor Mechanics, University of Michigan, Ann Arbor, MI 48109

C, = chip thickness correction factor
d = depth of cut, mm
d, = desirability of tool life

d, = desirability of material removal rate A new, noncontact instrument, based on white light interferom-
d; = desirability of dimensional instability etry, is used to measure the edge radii of cutting tools with mea-
d, = desirability of surface roughness surement errors of less than@m. Edges of several commercial
D = composite desirability cutting inserts are measured and compared. It is found that the
DIMI = dimensional instabilityum radius of the hone varies along the length of the edge in a para-
DIMI. = most desirable dimensional instabilitym bolic manner. The difference between the edge radius at the cen-
E = transmission efficiency of the drive ter of the edge and the radius at the start of the corner can be as
f = feed, mm/rev large as 25um (0.001 in). The variation between the edges on an
ID = inner diameter, mm insert and across inserts in a batch of tools can be as high as 25
MRR = metal removal rate, mimin pm (0.001 in). Statistically significant variations are also seen in
OD = outer diameter, mm the corner radius region in which much cutting occurs in turning,
p = power per unit metal removal rate, W/rmtmin boring and face milling processes. Orthogonal cutting tests with
P.,, = lathe motor power, W tools of measured edge radius in the zone of cut indicate that the
r = tool nose radius, mm machining forces, especially the thrust force component, are sen-
R, = surface finishum sitive to changes in edge radius on the order of measured varia-
o, = circumferential residual stress MPa tions.[S1087-135{00)01603-9
o, = longitudinal residual stress MPa
T = tool life, min
v = cutting speed, m/min Introduction
X; = coded value fow o
X, = coded value fof Edgg hongs are commonly used as an gdge preparation in many
x; = coded value fod operations, like interrupted cutting, machining of hard materials,

x, = coded value for etc., where increased edge strength is desired. Edge hones in the

xs = coded value for

X = matrix of coded variables ;Curremly with General Motors. o
X' = transpose oK Currently with Lamb Technicon Machining Systems, Warren, MI.

_ . Contributed by the Manufacturing Engineering Division for publication in the
y = estimated response JOURNAL OF MANUFACTURING SCIENCE AND ENGINEERING. Manuscript received
{Y} = vector of measured responses July 1997; revised Oct. 1999. Associate Technical Editor: S. Kapoor.
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range of 75um (0.003 in to 125um (0.005 in are commercially isted a significant shift in insert medthe average of the edge-
available for heavy duty machining of hardened st¢el85 RQ  center-point measurements on each of the three edges of an insert
and cast irons. The edge preparations on commercially availabled, furthermore, there existed an edge-to-edge mean shift on
inserts are generally prescribed as a range. For example, edgeh insert.

preparationA is specified to have a hone ranging from At Placing 95 percent confidence bands on the insert means for
(0.0005 in to 80 um (0.003 in. Two of the processes that arenine inserts of seA demonstrated that if an insert with nominal
commonly used to obtain edge hones are honing by nylon brusheelge radius of 50.&m (0.002 in is procured commercially, the
impregnated with silicon carbide, and honing by abrasive entraiaetual edge radius at a specified point on the edge could be off by
ment in an air-stream. In the brush honing process consider@slmuch as 22m (0.0009 ir). This error is perhaps indicative of
here, cutting edges are polished when the inserts, mounted owlsyy most manufacturers specify the edge preparations in ranges
rotary carrier, are slowly rotated about their inscribed-circle axis values.

while being fed through the rotating brushes. By varying the time Variability Along an Edge. The second important issue to

and depth of contact between the brush and the cutting edge, < g ) ;
P 9 d%%estlgate is whether or not the location along the cutting edge

different edge hones can be obtained. The variation of an e - - S

feature from its nominal value, both along an edge and edge Tects the edge radius in a statistically significant manner. Two

edge, is not well understood. Large tolerances on the edge hé’ﬁ%?rts frcfm; every Zet Werefchosen and measur:ments were rg_ade

could lead to significant variations in machining forces when cuf" 708‘” of't SeZS'X e g(e)s7at |ve322nes on ?ﬁcs 7e ge (;:orresphon ing

ting with different inserts of the same nominal specification. ThE /-8 mm, 5.2 mm, 0.7 mm; 3.4 mm an -/ mm from the
enter of the edge. These points were chosen such that one point

aim of the reported work is to study edge hone variability ofi . :
commercial inserts and the relative effects on machining forcEQésponded approximately to the center of the edge with the

and model calibration data. It fotthe aim of this paper tmodel other points distributed on either side. Using the automated posi-

the effects of the edge radius on the cutting process, nor is it {"Ng table, the locations of these positions were maintained to
model the brush honing process. be the same for all the measured edges. The variation of edge

radius along the edge is shown in Fig. 1. It is obvious that the
Edge Radius Measurements edge radius at the center of the edge is consistently lower as
o ) . compared to the radius at points closer to the cof@eé mm and
Accurate measurement of the edge radius is a fairly dlfflCUl_t6_7 mm locations The R? values for the individual fits were
task that has been addressed in some detail in only a few studigg, ;+ 60 percent. Analysis of variance showed that edge location

[1,2]. In this study, we describe the use of a new optical technidigyeed was a significant factor. It also showed that the edge-
based on white light interferomettgee Sasmor and Cal@] for |\ mber label was insignificant.

a detailed review of optical measurement technigjuekhe
WYKO™ measurement system used here, which is based on thé&/ariability Around Insert Corner.  While variability along
physics of white light phase-shift interferometry, combines acctihe straight portion of an insert edge may impact straight-edged
rate optics, axis movement and a computational software interfamghogonal cutting tests, most real-world applications of cutting
to make measurements with vertical resolution as good as 2 mmserts involve cutting, at least in part, on the corner radius of the
(0.002 um) [4]. insert. Therefore, force prediction models being developed for
Three sets of TPG432 uncoated carbide ins@$sA, B and such applications, which extend the models being formulated for
C) were requested from a vendor to have corresponding nomirsataight-edged orthogonal cutting, should account for edge radius
edge radii(specified at the center of the edgd 50.8 um (0.002 variation around the corner, if it exists. With this in mind, the
in), 100.6 um (0.004 in and 152.4um (0.006 in. After going edge radius around the corner was measured on several inserts
through quality checks at the vendor’s facility, the inserts weifigom setA to evaluate the relative variation in the corner region as
measured independently by the research team. Care was takeooimpared to the straight lead-edge region studied above.
reduce sources of measurement errors. A small fixture that heldA fixture was fabricated to permit three measurements on each
the insert at the propdiand constantorientation relative to the corner—one at each of the two tangent points where the corner
optics of the system, together with an automated positioning tabfeeets the two straight edges, and one at the apex of the corner.
ensured that measurements on different inserts and edges werEhat statistical model employed to analyze these data was a gen-
identical locations along the edge. Repeatability tests showed tkaal linear model with the corners as nested within insert for the
the estimated profiles were within 50 (05 um) of each other. same reason edge number was nested within insert in the earlier
Details of scan data processing are givefiSh analysis. The two possible two-factor interactions were also

Variability Between Edges and Inserts. Eight inserts from
each set were chosen to evaluate the variability across edges and
inserts. Comparing the nominal specifications to the measured o5q
data indicated that the edge-center-point means were smaller thar
the prescribed nominal values, in this case by aboutubh®
(0.0007 in for the setsA andB, and by about 5um (0.0002 in 200

for setC. This would indicate that it is difficult to manufacture the E
inserts to a tight tolerance on the mean for tools with a smaller g 150
edge radiugwithin 35 percent of the nominal for sétas com- 3
pared to within 3 percent for s&). The variation about the mean & 100
is about 6um (0.00025 in for setsA andB, and 14um (0.0005 S,
in) for setC, which is approximately 10 percent of the nominal &

values for all sets. Only 50 percent of the measured values were in 50
a range of 1Qum (0.0004 in for setsA andB, and 25um (0.001

in) for setC. 0 1 | |
A general nested linear analysis of variance was conducted in 10 -5 0 5 10
which the edge radius was modeled as equal to a tool effect plus Position from center of edge (mm)

a nested effect of edge on tool. It was found that both these vari-
0.014 on edgeboth of setB). SetsA and C were significant at edges of inserts from set A (50.8 um (0.002 in)), set B (101.6
even smalleP-values. In other words, between inserts there exm (0.004 in)), and set C (152.4 um (0.006 in))
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evaluated in this model. Results of the statistical evaluation show < 600 T T I
insert and position to be statistically significant, Rwalues of E ® C..78im 4 Al 105um
0.035 and 0.009, respectively, and cofiveer) as well as the £ :fi}'sﬂ?n"m; 4 f;:[lnm
two interactions to be insignificant. This reveals that the edge Z R P S
radius does vary with position around any given corner and fur- l; 00~ , 4k ‘ -
thermore that there is a difference between inserts, although varia- £ e .
tion between corners of a single insert is statistically indistin- = ¢ *
guishable from random errors. 3 /
f—) 200 |- R S S PRI Lo

Force Measurement Considerations = AT e

Orthogonal cutting experiments were conductedaoJ & L g -pro B — -~ o -7 i ——
CNC lathe by end cutting of tubes of three materials: gray cast 2 0 | I I | |
iron, 2024 aluminum and commercially pure zinc. A wall thick- 0.0 0.1 0.2 0.3 0.4 0.5 0.6
ness equal to 4.83 mi®.19 in was used to maintain plane strain Uncut chip thickness h, (mm)

conditions. A Kistler piezoelectric dynamometer was used to
monitor three machining force components. To reduce the varigg. 3 Variation of the thrust force component with uncut chip
tion of the edge radius along the width of cut, which could lead tbickness for cast iron, aluminum and zinc at various edge radii
misleading force measurements, all the cutting tests were per-
formed at the center of the edge where the edge radius had been
measured prior to the experiment and where the variation gradient 100
is lowest across the width of cut. It can be seen from Fig. 1 that
the maximum variation in edge radius agos 5 mm(0.2 in 80
width of cut that is equally distributed about the edge center-point
is only about 6um (0.0004 in for inserts from setC.

Each material was cut at several feeds by two inserts whose
hones were described by the vendor as«s0(0.002 in and 100
um (0.004 in. Since the significance of the effect of the edge
radius increases at smaller uncut chip thickness, feeds were se-g
lected such that the ratio of uncut chip thickness to edge radius 3 © Controlled edge radius Soum Slope = 82
(h/r,) varied between 0.5 and 5. This represents the range com- 20~ 22225‘;."352’:’15‘:3”“"5“ e flf;f: e B
monly seen in the operations of practical intefésird turning and
finishing operations The edge radius effects seen here would be 0 . ' ' ’
more pronounced at even lower uncut chip thicknesses. 0.0 01 0.2 0.3 0.4 0.5

Graphs of the cutting and thrust forcésormalized by the Uncut chip thickness h, (mm)
width of cup versus the uncut chip thickneksfor all three ma-
terials, are presented in Figs. 2 and 3. As expected, the effectt- 4 Increased errors observed when different parts of the
the edge radius is visibly larger on the thrust force than on ti§dtting edge are used for calibration testing
cutting force. It can be seen that intercefggjualitative measure
of edge/ploughing contributionsare higher when the materials

60

g force, (N/mm)

40

are being cut with tools of higher edge radius. Even for zinThis proves that the increase in forces are of a higher order than

where the edge radius effect seems to be quite small, 95 percigt experimental error in the force measurements.

confidence bands on the force measurements lie far épantd- The variability along an edge raises an important consequence
to-band separation of 2.5 to 3 times the confidence bamdsch regarding force measurements made for force model calibration
statistically supports the significance of the edge radius effect oia straight-edged orthogonal cutting tests. If the machining forces
the forces. If it is assumed that there is a linear variation of mare assumed to have some portion that is proportional to the edge
chining forces with edge radius, then it can be shown that thadius, then the machining force must vary parabolically along the
predicted force for an insert with edge radius of 7pu® (0.003 length of the cutting edge. Arbitrary or randomized selection of
in) would lie well between the confidence bands of gendB.  zones along the cutting edge will result in measurement of ma-
chining forces that appear to exhibit noise. Machining force data
is meaningful only when all the tests are run with tools of the

600 | | | | same edg_e radius. In Fig. 4, cutting forces that were predicted
< using a simple force model, based on data collected here, are

ser :?g:‘m shown for three situations—controlled tests in which a single edge
4 Al 51um i A radius is used, randomized tests along the cutting edge, and non-
400 = v 2 oo randomized tests. It can be seen that randomized and nonrandom-

© Zn. 102um

Normalized cutting force F/w, (N/mm)

200 b7+ cutting zone in order to obtain accurate force data.
Conclusions
0 I I l l l It was shown that there is a statistically significant parabolic
0.0 0.1 0.2 0.3 0.4 05 0.6 variation of edge radius along a cutting edge, which is presumably
Uncut chip thickness h, (mm) due to the geometry of the brush honing process. Statistically
significant variation of the edge-center-point mean across edges
Fig. 2 Variation of the cutting force component with uncut and insertgabout 25um) was also observed, which is attributed
chip thickness for cast iron, aluminum and zinc at various edge to the difficulty of controlling the honing process. Variation was
radii observed in the corner radius region as well, being statistically
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ized tests lead to loweR? values and, more importantly, an in-
correct slope and/or intercept. Hence, we can conclusively state
that it is important to measure and maintain the edge radius at the
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